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ABSTRACT 


This  thesis  examines  the  development  of  a  system  to  pre¬ 
cisely  measure  the  relative  position  between  two  aircraft 
in-flight  utilizing  a  laser  beacon,  an  optical  detector  ar¬ 
ray,  and  on-board  microprocessing*  As  part  of  a  cooperative 
research  project  with  the  NASA-Ames  Research  Center,  the  la¬ 
ser  beacon  system  is  designed  to  measure  the  range,  azimuth, 
and  elevation  between  a  test  helicopter  and  an  observation 
aircraft,  the  Y0-3A.  -The  laser  beacon  board,  mounted  on  the 


helicopter,  consists  of  two  orthogonal  fan-shaped  narrow 
width  beams,  which  rotate  at  a  constant  four  revolutions  per 
second  and  have  fields  of  view  approaching  266  degrees.  The 


beams  sweep  past  an  array  of  four  optical  detectors.  Each 
detector  is  composed  of  two  compound  parabolic  concentrators 
which  collect  the  incoming  laser  beams  over  a  150  degree 
field  of  view,  collimate  the  light  so  that  the  beams  can 
pass  through  an  interference  filter,  and  then  concentrate 
the  laser  beams  on  a  photodiode.  The  photodiode  transmits 


the  detected  beams,  as  pulses,  to  an  electronics  system 
where  they  pass  through  a  band-pass  filter  and  are  converted  / 
into  digital  pulses  for  signal  processing.  The  laser  pulses  /  c 
are  detected  in  the  presence  of  background  solar  inter  let- 

j  tty 

ence  through  optical  spectral  filtering  of  the  incident  o,  "■ ■  - 

/’  •  ■ 

/  '‘/’''.J 

light  and  electronic  filtering  of  the  photodiode  signa/-.  ' 
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Initial  tests  of  the  laser  beacon  and  the  detector  optics 
have  demonstrated  th<  potential  for  their  use  as  elements  of 
a  relative  position  measurement  system. 
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Chapter  I 
INTRODUCTION 


This  thesis  considers  the  development  of  the  techniques 
and  the  hardware  required  for  the  laser  beacon  position 
measurement  system  which  is  to  be  used  in  conjunction  with  a 
NASA-Ames  research  project. 

The  NASA-Ames  Research  Center  and  the  U.  S.  Army  Aerome¬ 
chanics  Laboratory  are  currently  involved  with  experiments 
to  obtain  in-flight  acoustics  measurements  of  radiated  noise 
from  helicopters  in  the  far-field.  Their  aim  in  making 
these  measurements  is  to  validate  theory  for  blade-vortex 
interactions  and  other  mechanisms  of  helicopter  noise  [1]. 

NASA  and  the  Army  are  examining  four  different  two-bladed 
rotors  with  respect  to  their  blade-vortex  interactions  and 
collating  the  results.  The  UH-1H  helicopter  is  being  tested 
with  the  standard  NACA  0012  airfoil  rotor,  while  the  AH-1S 
helicopter  is  being  tested  with  its  540  rotor  as  well  as  the 
Kaman  K747  rotor  and  the  OGEE  tip  rotor.  With  the  various 
rotors,  the  research  group  proposes  to  generate  blade-vortex 
interaction  impulsive  noise  by  means  of  the  interaction  of  a 
rotor  blade  with  previously  generated  tip  vortices.  Usual¬ 
ly,  these  measurements  have  been  acquired  with  ground-based 
methods . 
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However,  relative  motion,  ground  reflection,  and  other 
effects  due  to  gathering  data  this  way  are  minimized  if  in¬ 
flight,  far-field  measurement  techniques  to  gather  the  in¬ 
formation  are  utilized.  With  this  new  method,  the  heli¬ 
copter  with  the  rotor  to  be  tested  is  positioned  visually 
with  respect  to  a  fixed  wing  aircraft--for  the  experiments, 
a  Y0-3A  is  employed--carrying  microphones  and  recording 
equipment  (figure  1).  The  Y0-3A  flies  a  pre-determined 
course,  and  noise  measurements  are  taken  with  the  helicopter 
behind  the  plane  in  a  variety  of  flight  positions. 

While  this  method  of  gathering  blade-vortex  interaction 
data  is  superior  to  the  other  methods  used,  the  relative  po¬ 
sition  between  the  aircraft  and  the  helicopter  is  not  pre¬ 
cisely  known.  As  a  result,  during  the  analysis  of  the  ac¬ 
quired  data  an  error  is  unavoidably  introduced. 

Consequently,  NASA  and  the  Army  require  a  precise  method 
of  gathering  very  accurate  position  information  for  simul¬ 
taneous  recording  with  the  measured  noise.  In  addition, 
they  desire  a  system  of  displays  to  assist  the  helicopter 
pilot  and  the  flight  engineer  on  board  the  Y0-3A  in  main¬ 
taining  specified  relative  positions  under  different  flight 
conditions . 

The  objective  of  the  research  program  at  Princeton  Uni¬ 
versity  is  to  develop  techniques  for  accurately  measuring 
the  precise  relative  position  between  the  helicopter  and  the 
Y0-3A  utilizing  a  laser  beacon  system,  a  detector  array,  and 
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on-board  microprocessors.  The  specific  application  of  this 
system  will  constitute  measuring  not  only  the  distance  be¬ 
tween  the  two  aircraft,  but  also  the  relative  elevation  and 
azimuth  angles.  The  design  goals  are  to  attain  a  range  ac¬ 
curacy  of  better  than  0.5  percent  while  maintaining  the  ele¬ 
vation  and  azimuth  angles  to  within  an  accuracy  of  one  de¬ 
gree  . 

The  research  for  the  laser  beacon  project  was  initiated 
by  Profesor  R.  B.  Miles  in  1978  with  respect  to  developing  a 
laser/optics  system  for  application  in  general  aviation  air¬ 
craft  collision  warning.  Professor  Miles  [2]  made  theoreti¬ 
cal  calculations  of  the  extent  to  which  a  laser  beacon  sys¬ 
tem  is  range  sensitive  under  both  ideal  and  non-ideal 
atmospheric  conditions.  In  addition,  he  obtained  experimen¬ 
tal  results  indicating  that  accurate  range  measurements  were 
feasible  in  daylight  conditions  with  substantial  atmospheric 
scintillation.  In  1980,  Professor  Miles,  along  with  Profes¬ 
sor  L.  M.  Sweet,  obtained  a  contract  from  the  U.  S.  Army  and 
the  NASA-Ames  Research  Center  to  develop  a  relative  position 
measurement  system  using  a  laser  beacon  system. 

The  system  developed  under  this  contract  (see  figure  2) 
consists  of  collimated  beams  of  low-power  HeNe  laser  light 
that  are  reflected  from  rotating  cylindrical  mirrors,  form¬ 
ing  a  fan-shaped  laser  beacon  centered  at  the  source  air¬ 
craft — the  helicopter  being  tested.  An  array  of  optical  de¬ 
tectors  on  board  the  target  aircraft — the  Y0-3A — senses  the 


beam  sweeps,  and  the  subsequent  real-time  computer  process¬ 
ing  of  the  detected  signals  yields  information  on  the  air¬ 
crafts'  relative  linear  and  angular  positions.  This  pro¬ 
cessed  data  is  then  sent  to  the  on-board  tape  recorder  to  be 
used  in  conjunction  with  the  collected  noise  data.  In  addi¬ 
tion,  the  data  is  sent  to  displays  for  the  helicopter  pilot 
and  the  flight  engineer  on  board  the  Y0-3A. 

This  thesis  will  concentrate  on  the  development  of  the 
laser  beacon,  the  detector  optics  and  associated  electron¬ 
ics,  and  the  detector  array.  Issues  to  be  addressed  in¬ 
clude  : 

a)  Beacon  Optics:  designed  for  precise  position  meas¬ 
urements,  important  considerations  include  the  following: 

i)  laser  frequency 

ii)  collimation 

iii)  focusing 

iv)  field  of  view 

v)  speed  and  precision  of  the  beacon  rotation 

b)  Detector  Optics  and  Electronics:  design  the  detec¬ 
tors  and  electronics  with  respect  to: 

i)  wide  angle  viewing 

ii)  spectral  filtering 

iii)  electronic  filtering 

iv)  processed  signal  to  microprocessor 


c)  Detector  Array:  consider  influencing  factors 


i)  weight 

ii)  size 

iii)  shadowing 

iv)  field  of  view 

v)  range  and  angle  sensitivity 


Chapter  II 
LASER  BEACON 


2.1  INTRODUCTION 

The  purpose  of  the  laser  beacon  is  to  generate  narrow 
width  laser  beams  which  sweep  past  a  detector  array  and  are 
sensed  by  each  detector  in  a  variety  of  flight  positions. 
Since  it  is  to  be  mounted  on  the  helicopter's  nose,  the  bea¬ 
con  needs  to  be  designed  and  built  as  rugged  and  as  simply 
as  possible  in  order  to  withstand  any  vibrations  or  other 
disturbances  created  by  the  helicopter.  In  addition,  the 
beacon  size  should  be  minimized  for  convenient  packaging  on 
board  the  helicopter.  The  laser  must  be  low  power  in  order 
to  minimize  cost,  power  utilization,  and  prevent  the  possi¬ 
bility  of  constituting  any  hazard  to  the  eye.  Operating  off 
the  helicopter's  28  volt  power  supply,  the  beacon  needs  to 
provide  constant  rotation  frequency  narrow  width  laser  beams 
to  be  swept  about  two  orthogonal  axes  in  order  to  provide 
three  dimensional  position  measurements.  Finally,  the  sys¬ 
tem  must  cover  the  better  part  of  a  hemisphere  in  order  to 
accommodate  the  wide  range  of  positions  to  be  assumed  by  the 
helicopter  relative  to  the  Y0-3A. 
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2.2  BEACON  DESIGN 


2.2.1  Laser  Characteristics 

A  laser  was  chosen  as  the  source  for  the  beacon  system  in 
order  to  allow  for  strong  discrimination  against  sunlight 
and  to  create  the  required  beam  profile.  The  system  uti¬ 
lizes  the  laser's  optical  properties  of  narrow  spectral 
width  and  spatial  coherence. 

For  the  design,  and  for  possible  use  as  a  collision  warn¬ 
ing  system,  a  five  milliwatt  continuous  wave  helium-neon  la¬ 
ser,  operating  in  the  red  portion  of  the  spectrum  at  6328 
Angstroms,  was  selected.  The  laser  beam  is  focused  at  a 
nominal  range  of  30  meters — the  operating  distance  between 
the  two  aircraft.  There  is  a  tradeoff  between  the  beam 
width  and  the  distance  from  the  source.  Specifically,  due 
to  the  principles  of  diffraction,  for  a  beam  with  a  gaussian 
profile,  the  minimum  beam  width,  w,  at  a  distance,  R,  from  a 
source  can  be  expressed  as 


w(R) 


4  X  R 

W  W 
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where  wQ  is  the  width  between  the  1/e  intensity  points  at 
the  source  (R=0),  and  X  is  the  laser  wavelength 

If  the  laser  beam  has  a  horizontal  width  w0  at  the  source 
and  is  allowed  to  diverge  in  the  vertical  plane  at  a  con- 


.il 
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stant  angle  A<*  between  the  1/e2  intensity  points,  then  the 
maximum  intensity  at  distance  R  is  [2] 

=  I0e*p[-f£jy2]  «p[-  ^  j 

where 


x  Rw(R)  &a  exp  J 
and  P  is  the  total  laser  power 

>  is  the  azimuth  angle  of  the  beam  in  radians,  assuming 
that  y  equals  zero  at  the  beam  center  line  and  the  beam  has 
a  gaussian  profile 

a  is  the  angle  from  the  horizontal  plane  in  radians 

Thus,  if  a  five  milliwatt  laser  is  focused  at  several 
ranges  for  three  different  source  widths--wQ  in  the  hori¬ 
zontal  direction  is  5  mm  in  one  case,  1  cm  for  the  second, 
and  3  cm  in  the  third  case — and  Aa  is  120  degrees  (the  beam 
is  expanded  plus  or  minus  60  degrees  about  the  vertical 
axis),  then  the  minimum  beam  widths  and  the  maximum  center 
intensities  for  the  different  ranges  are  shown  in  Table  1. 
Due  to  diffraction,  at  large  distances  the  minimum  beam 
width  is  larger  than  the  beam  width  at  the  source.  Increas¬ 


ing  the  source  beam  width  decreases  the  minimum  beam  width 
achievable,  and,  consequently,  increases  the  maximum  center 
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intensity.  Thus,  the  highest  intensity,  which  leads  to  the 
best  detectability,  requires  a  large  source  beam  width.  In 
addition,  this  emphasizes  the  point  that  focusing  at  the 
nominal  range  is  critical. 

TABLE  1 

Beam  Widths,  Depths  of  Focus,  and  Intensities  for  Three 
Different  Source  Widths  and  a Aa  Equal  to  120  Degrees 


SHBi 

10 

30 

100 

5xlO"3 

ubi 

HSBBH 

4.834  x  10“3 

Kim 

b  (m) 

2.268 

1.090  x  101 

4.085  x  101 

wm 

4.328  x  10_1 

4.809  x  10"2 

4.328  x  10~3 

lxlO'2 

w  (m) 

HBWM 

2.417  x  10-3 

KRflHBBj 

b  (m) 

QQQQQSI 

5-584 

hsisssb 

E5H 

8.655  x  10  1 

9.617  x  10“2 

8.655  X  10~3 

3xl0'2 

w  (m) 

8.057  x  10~U 

2.686  x  10~3 

b  (m) 

8.157 

T  /wattx 

xcr  2  ; 
m 

2.597 

2.885  x  10"1 

2.597  x  10"2 

Related  to  the  beam  focusing  is  the  laser's  depth  of  fo¬ 
cus.  There  exists  a  tradeoff  between  the  beam  width  w  at 


the  focus  and  the  distance  over  which  w  is  to  be  maintained. 
In  other  words,  the  depth  of  focus,  5  ,  is  dependent  upon  the 
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width  desired.  The  wider  the  focus  depth,  the  larger  the 
beam  width.  For  a  given  source  beam  width,  wQ ,  the  depth  of 
focus,  5  ,  is  the  distance  beyond  a  range,  R,  to  a  point,  R  , 
such  that,  at  R,  the  beam  is  focused  to  the  minimum  beam 
width,  w,  and  the  beam  diverges  until,  at  R  ,  the  beam  has  a 
width  V?  w.  This  depth  of  focus  can  be  expressed  as 

"hflF2] 


where 


2 

A  = 

The  influence  that  the  beam  width  has  on  the  depth  of  fo¬ 
cus  affects  the  accuracy  of  the  measured  sweep  rate  at  posi¬ 
tions  other  than  the  prescribed  nominal  range.  In  turn, 
this  affects  the  accuracy  of  the  position  measurements.  Ta¬ 
ble  1  illustrates  the  effects  of  width  on  the  focus  depth. 

2.2.2  Reflecting  Mirror 

In  order  to  permit  an  angular  divergence  approaching  180 
degrees  while  at  the  same  time  minimizing  the  beam  width  so 
that  it  is  easier  for  a  detector  to  sense  a  beam  sweep,  a 
cylindrical  mirror  is  utilized.  This  mirror  reflects  the 
collimated  light  in  a  fan-shaped  beam  in  the  vertical  axis. 


fa&idaittliiafihM 
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When  focused  at  some  nominal  range,  this  fan-shaped  beam  has 
a  narrow  width  in  the  horizontal  axis. 

The  mirror  must  rotate  at  a  constant  speed  in  order  to 
provide  a  high  degree  of  accuracy  in  position  measurements. 
The  rotation  rate  must  be  fast  enough  to  allow  for  frequent 
updating  of  the  range,  elevation,  and  azimuth  between  the 
Y0-3A  and  the  helicopter.  However,  the  rate  cannot  be  too 
rapid,  or  the  detector  electronics  will  not  detect  the  beam 
sweeps.  Since  the  observed  sweep  velocity,  v,  is  propor¬ 
tional  to  range,  R,  a  relationship  can  be  derived. 

v  =  2vR/&t 

where  At  is  the  number  of  seconds  required  to  complete  a  full 
beam  sweep  (period  of  rotation) 

This  result  implies  that  the  range  accuracy  is  limited  to 
the  accuracy  of  the  rotation  rate. 

One  rotating  cylindrical  mirror  yields  two-dimensional 
postion  measurements  in  a  plane--that  is,  the  distance  be¬ 
tween  the  detectors  and  the  rotation  axis  of  the  laser  bea¬ 
con,  and  the  direction  of  the  travel  vector  defined  by  the 
perpendicular  to  the  light  plane.  This  restricts  the  mir¬ 
ror's  sweep  axis  to  lie  tangent  to  a  circle  (with  the  mirror 
at  the  origin  and  the  radius  being  defined  as  the  distance 
between  the  aircraft)  and  in  the  plane  perpendicular  to  the 
travel  vector.  Consequently,  an  additional  beam  is  required 
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to  obtain  three-dimensional  position  measurements.  The  la¬ 
ser  beacon  therefore  needs  to  have  two  orthogonal  beams  that 
sweep  across  the  detector  array.  The  rotating  reflectors 
should  be  synchronized  to  be  180  degrees  out  of  phase  so 
that  the  two  beams  will  never  coincide. 

2.2.3  Beacon  Description 

Based  on  the  preceding  requirements  for  the  laser  beacon, 
a  design  was  drafted  and  a  protype  beacon  has  been  con¬ 
structed  (figure  3). 

The  design  centers  around  two  separate  lasers  which  shine 
on  orthogonal  reflecting  mirrors.  A  one-laser  beacon  was 
considered,  but  complexities  in  accurately  gearing  and  syn¬ 
chronizing  a  beam  splitter  led  to  the  consensus  that,  in  the 
long  run,  a  two-laser  beacon  would  probably  be  simpler  to 
construct  and  yield  more  accurate  results. 

The  lasers  are  secured  to  the  beacon's  lower  surface,  and 
the  laser  beams  are  reflected  to  the  upper  surface  by 
prisms.  An  expanding  lens  and  condensing  lens  arrangement 
is  used  to  expand  each  beam  to  a  specific  source  width  and 
focus  the  beam  at  the  desired  nominal  range.  The  expanding 
lens  expands  the  beam  after  exiting  the  laser  source.  Ad¬ 
justing  the  condensing  lens  attains  the  minimum  beam  width 
at  the  desired  operating  distance.  Secured  to  the  beacon's 
upper  surface,  two  separate  sets  of  lenses  are  used — one  set 


for  each  laser. 


TO  AC  MOTOR 


LASER 
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The  source  beam  width  is  optimized  in  order  to  attain 
both  the  maximum  intensity  and  the  smallest  practical  beam 
width  at  the  nominal  range.  For  a  30  meter  range  and  a  0.56 
mm  diameter  width  at  the  focus,  the  calculated  source  beam 
width  is  43  mm.  It  should  be  noted  that,  due  to  effects 
such  as  atmospheric  scintillation,  the  focused  beam  width  at 
the  30  meter  range  will  be  larger  than  0.56  mm.  The  expand¬ 
ing  lens  has  been  chosen  based  upon  the  concept  of  maximiz¬ 
ing  the  beam  intensity  while  minimizing  the  distance  between 
the  two  lenses.  A  60X  microscopic  objective  lens  was  uti¬ 
lized  for  the  experiments.  The  microscopic  objective  lens 
is  approximately  an  f  1  lens  (where  the  f  number  is  defined 
as  being  the  ratio  of  the  lens'  focal  length  to  its  dia¬ 
meter)  ,  which  means  that  its  diameter  approximately  equals 
its  focal  length.  The  maximum  expansion  cone  angle  of  an  f 
1  lens  is  53  degrees.  In  order  to  minimize  distortion,  the 
laser  illuminates  only  the  center  portion  of  the  lens,  and 
the  beam  is  expanded  about  a  cone  angle  of  18  degrees.  The 
condensing  lens  is  chosen  to  have  approximately  the  same 
diameter  as  the  calculated  source  beam  width  to  minimize  in¬ 
terference  with  the  beacon.  The  focal  length  of  the  con¬ 
densing  lens  approximately  equals  the  distance  between  the 
two  lenses  when  the  beam  is  focused  at  the  desired  nominal 
range. 

The  distance  between  the  condensing  lens  and  the  expand¬ 
ing  lens  places  constraints  on  the  size  of  the  beacon  appa- 


ratus.  As  can  be  seen  in  figure  4,  for  a  given  expansion 
lens  (a  60X  microscopic  objective  lens  is  used  in  this  case) 
and  a  specific  focused  minimum  beam  width,  the  distance  be¬ 
tween  the  two  lenses  varies  with  the  nominal  range.  In  or¬ 
der  to  achieve  a  constant  focused  minimum  beam  width  with 
increasing  range,  both  the  source  beam  width  and  the  dis¬ 
tance  between  the  two  lens  must  be  increased.  This  can  be  a 
factor  if  future  applications  of  the  beacon  require  small 
beacon  sizes,  tightly  focused  beams,  and  large  operating 
distances . 

The  minimum  beam  width  is  constrained  by  the  source  beam 
width  and  the  desired  range.  The  distance  between  the  ex¬ 
panding  lens  and  the  condensing  lens  cannot  be  smaller  than 
the  focal  length  of  the  condensing  lens.  Generally,  the  f 
number  of  the  condensing  lens  is  matched  to  the  expansion 
cone  angle  of  the  chosen  expanding  lens.  Likewise,  the  fo¬ 
cal  length  of  the  condensing  lens  cannot  be  smaller  than  the 
source  beam  width,  since  the  best  expansion  lenses  available 
have  f  numbers  equal  to  one.  Thus,  refering  to  figure  4, 
the  hash  marks  on  each  of  the  lines,  indicating  the  various 
minimum  beam  widths,  dictates  this  lower  limit.  The  only 
other  restriction  is  that  the  diameter  of  the  condensing 
lens  must  be  greater  than  the  source  beam  width  so  that  all 
of  the  incident  laser  light  is  able  to  pass  through  the 
lens.  For  this  research  project,  the  condensing  lens  used 
is  a  plano-convex  lens  with  a  40  mm  diameter  (which  is 
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matched  to  the  source  beam  width  to  eliminate  blind  spots) 
and  a  focal  length  of  150  mm. 

The  size  of  the  laser  beacon  used  in  this  project  is  con¬ 
strained  by  the  particular  configuration  chosen.  Examining 
the  beacon  layout  reveals  the  fact  that  the  beacon  is  set  up 
in  a  right  isosceles  triangular  configuration.  For  the  most 
practical  configuration,  the  length  of  each  of  the  beacon's 
sides  is  greater  than  the  length  of  each  laser.  Figure  4 
illustrates  the  wide  range  of  distances  between  the  two 
lenses  which  can  be  achieved  when  the  distance  between  the 
lenses  is  constrained  to  be  less  than  the  length  of  the  la¬ 
ser  and  the  lens  mounts.  Beacons  not  constrained  in  this 
manner  will  have  different  size  limitations. 

After  passing  through  the  condensing  lens,  the  laser 
light  is  then  expanded  into  a  fan-shaped  beam  by  the  cylin¬ 
drical  mirror.  The  mirror's  size  is  chosen  such  that  all 
incident  light  is  reflected  by  a  90  degree  cylindrical  seg¬ 
ment  on  the  mirror  (see  figure  5).  The  mirrors  actually 
used  have  120  degree  segments  to  allow  for  mounting  and 
safety  margins  when  they  reflect  the  incident  light.  Thus, 
the  widest  possible  divergence  can  be  attained  with  negligi¬ 
ble  light  loss. 

A  synchronous  motor,  attached  to  the  upper  surface  of  the 
beacon,  drives  the  two  reflecting  mirrors.  The  mirror  axes 
are  orthogonal  to  each  other  and  rotate  180  degrees  out  of 
phase.  In  order  to  optimize  the  revolution  rate  to  attain  a 


DISTANCE  BETWEEN  CONDENSING  LENS 
AND  EXPANDING  LENS  (mm) 


Figure  4:  Distance  Between  Lenses  as  a  Function  of  Range 
for  Various  Minimum  Beam  Widths  and  an  18°  Cone 
Angle  Expanding  Lens 
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Figure  5:  Incident  Laser  Light  Reflected  by  a  Cylindrical 
Mirror 

high  number  of  position  updates  without  degrading  the  in¬ 
tegrity  of  the  system,  the  motor  runs  at  a  constant  four 
revolutions  per  second. 

The  lasers  and  the  motor  are  powered  by  the  helicopter's 
28  volt  DC  power  supply.  Commercial  power  supplies  rated  at 
this  voltage  operate  the  lasers.  However,  the  need  for  a 
synchronous  motor  dictates  the  use  of  a  400  cps  DC/AC  power 
converter . 

Since  the  laser  beacon  is  to  be  mounted  on  the  nose  of  a 
helicopter  and  subjected  to  various  vibration  modes,  all 
pieces  of  equipment  on  the  beacon  are  rigidly  fastened  to  a 
thick  base  plate.  This  aids  in  maintaining  alignment  during 
operation.  In  order  to  protect  the  mirrors  and  the  lenses, 
a  glass  plate  will  be  placed  on  the  beacon's  upper  surface. 
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Isolation  mounts  will  be  used  to  isolate  the  laser  beacon 
from  the  helicopter's  vibrations.  The  major  vibrations  on 
the  nose  of  the  helicopter  are  due  to  lateral  and  vertical 
excitations  from  both  the  rotor  hub  and  the  tail  stinger, 
and  occur  in  the  frequency  range  between  3  and  40  Hz.  Har¬ 
monics  above  40  Hz  are  negligible.  Perfect  isolation,  which 
eliminates  all  vibration  frequencies,  is  not  practical  since 
at  very  low  frequencies  the  isolators  are  extremely  soft  and 
may  not  properly  support  the  expected  loads.  Examining  the 
helicopter’s  frequency  responses  shows  that  most  of  the  vi¬ 
brations  occurring  between  3  and  40  Hz  are  above  15  Hz. 
Consequently,  the  optimum  isolator  should  damp  out  vibra¬ 
tions  above  15  Hz.  However,  the  dynamic  natural  frequencies 
of  each  isolator  must  not  match  the  helicopter's  2/rev  and 
4/rev  excitation  frequencies  or  the  resonances  will  be  ex¬ 
cited.  Therefore,  the  isolator  dynamic  responses  in  yaw, 
pitch,  and  roll  should  be  calculated  to  insure  that  none  of 
the  resonances  will  be  excited. 

The  primary  forces  exerted  on  the  beacon  are  due  to  grav¬ 
ity  and  drag.  Thus,  isolators  eliminating  vibrations  above 
15  Hz  are  chosen  to  support  the  beacon  under  both  the  com¬ 
pression  and  the  shear  forces  expected. 

NASA  desires  the  helicopter  to  conduct  tests  from  ten  de¬ 
grees  below  the  YO'2A's  horizontal  plane  to  90  degrees  above 
the  plane.  To  provide  the  laser  beacon  with  a  field  of  view 
covering  this  range  of  positions,  the  beacon  will  be  mounted 
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at  an  inclination  angle  of  45  degrees.  (see  figure  6) 


Sixteen  sandwich  mounts--six  to  support  the  load  in  compres- 
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Figure  7:  Isolator  Mounting  Configuration 


2.3  TESTING  AND  MODIFICATIONS 


2.3.1  Field  of  View  Testing 

For  testing  purposes,  all  measurements  were  made  without 


the  glass  plate  in  place.  The  laser  beacon  possessed  two 
narrow  width  beams  which  were  focused  30  meters  downrange 
with  angular  divergences  approaching  166  degrees. 
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The  beacon  has  four  blind  spots  near  the  edge  of  the 
field  of  view  due  to  lens  mount  obstructions.  The  first 
blind  spot  occurs  when  one  set  of  the  lens  mounts  is  between 
the  detector  and  the  beam  emanating  from  that  particular 
lens  set  (see  figure  8).  In  this  case,  although  one  laser 
beam  is  totally  obscured  by  the  mounts,  the  other  beam  is 
still  visible.  The  second  blind  spot  is  identical  to  the 
first,  only  this  time  the  blind  spot  is  due  to  the  other  set 
of  lens  mounts. 


LASER  BEAM  OBSCURED 
BY  ITS  MOUNTS 


Figure  8:  Laser  Beacon  Blind  Spots  Caused  by  a  Lens  Mount 
Obstructing  its  Own  Laser  Beam 

The  third  blind  spot  occurs  when  one  laser  beam  is  obstruct¬ 
ed  by  the  other  beam's  (whose  field  of  view  remains  visible) 
lens  mounts  and  reflecting  mirror  (see  figure  9).  The  final 
blind  spot  occurs  on  the  opposite  side  of  the  beacon  in  a 
manner  similar  to  the  third  blind  spot. 
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LASER  BEAM  OBSCURED 
BY  THE  OTHER  BEAM’S 
MOUNTS 


Figure  9:  Laser  Beacon  Blind  Spots  Caused  When  One  Set  of 
Lens  Mounts  Obstructs  the  Laser  Beam  From  the 
Other  Lens  Mounts 

In  between  the  two  sets  of  lens  mounts  and  in  front  of 
the  motor  and  reflecting  mirrors  mount,  each  laser  beam  has 
a  102  degree  field  of  view  from  the  perpendicular  to  the 
base  plate  (see  figure  10).  Behind  the  motor  and  reflecting 
mirrors,  the  mount  obstructs  a  fraction  of  each  laser  beam, 
limiting  the  field  of  view  to  64  degrees  from  the 
perpendicular.  Thus,  the  resulting  field  of  view  in  the  re¬ 
gion  in  between  the  two  beam  axes  is  166  degrees. 

Along  the  same  line,  in  the  cone  between  the  two  sets  of 
lens  mounts  the  laser  beam  field  of  view  perpendicular  to 
the  beacon  base  is  148  degrees  (see  figure  11).  In  this  re¬ 
gion,  both  laser  beams  are  unobstructed. 

In  light  of  the  limitations  on  the  laser  beacon's  field 
of  view,  best  results  during  flight  tests  will  be  attained 
if  the  beacon  is  mounted  at  a  45  degree  angle  to  the  hori- 


Figure  10:  Beacon  Orientation  for  a  166  Degree  Freld  of 
View 


Figure  11:  Beacon  Orientation  for  a  148  Degree  Field  of 
View 


zontal  with  the  motor  mount  facing  the  tail  section  of  the 


helicopter  and  the  area  between  the  two  mirror  axes  facing 
the  forward  section. 


2.3.2  Rotation  Accuracy  Testing 

The  laser  beacon,  with  the  mirrors  rotating  at  two  revo¬ 
lutions  per  second,  was  also  tested  to  determine  the  beam 
rotation  accuracy.  In  this  case,  orthogonal  laser  beams 
swept  past  two  detectors  30  meters  downrange,  and  the  time 
intervals  resulting  from  the  detected  pulses  were  recorded. 
The  detectors  were  placed  0.9  meters  apart  on  a  rotary  table 
so  that  the  incidence  angle  between  the  beacon  and  the 
perpendicular  to  the  line  joining  the  detectors  could  be 
varied.  TVenty-five  time  interval  measurements  were  record¬ 
ed  for  each  setting,  and  a  mean,  a  standard  deviation,  and  a 
percent  error  of  the  mean  (standard  deviation  divided  by  the 
mean)  were  calculated. 

Initial  measurements  resulted  in  unexpectedly  large  de¬ 
viations  with  the  error  from  the  mean  time  interval  above 
six  percent.  This  error  was  traced  to  jitter  caused  by  vi¬ 
brations  in  the  beacon  reflecting  mirror  motor  gearing,  in¬ 
troducing  an  uncertainity  in  the  time  that  the  pulse  from 
the  photodiode  in  the  detector  was  activated.  It  proved  to 
be  difficult  to  electronically  filter  out  the  jitter,  since 
this  type  of  jitter  is  pulse  to  pulse  and  many  pulses  are 
required  in  order  to  eliminate  it.  Eliminating  the  jitter 
would  consequently  slow  the  system  response  time  to  below  an 
acceptable  level. 
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Because  it  is  essential  to  increase  the  rotation 
accuracy/  the  mirror  motor  was  modified  by  placing  a  belt 
drive  between  the  motor  and  the  mirror.  This  reduced  the 
jitter  introduced  by  the  gear  train,  and  the  error  was  re¬ 
duced  to  less  than  0.7  percent  of  the  mean  (see  figure  12). 
The  belt  drive  minimized  the  high  frequency  vibrations  from 
within  the  beacon  which  had  introduced  the  large  errors  in 
the  measured  time  intervals.  Initial  tests  of  the  rotation 
accuracy  at  a  four  revolution  per  second  rate  indicated  that 
the  error  from  the  mean  did  not  significantly  differ  from  a 
two  revolution  per  second  rotation  rate. 


Figure  12:  Mean  Value  and  Error  for  Beacon  Motor  With  and 
Without  a  Belt  Drive 
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2.4  SUMMARY 

Built  specifically  for  flight  on  board  a  helicopter,  the 
modified  laser  beacon  possesses  two  lasers  which  emit  light 
at  a  wavelength  of  6328  Angstroms,  and  produces  two  orthogo¬ 
nal  fan-shaped  laser  beams  with  approximately  166  degree 
fields  of  view.  Each  beam  rotates  at  four  revolutions  per 
second  and,  without  the  glass  plate,  varies  less  than  0.7 
percent  from  the  mean. 

The  beacon  is  designed  to  have  isolators  to  damp  out 
helicopter  vibrations  above  16.64  Hz  caused  by  compression 
forces  and  12.42  Hz  caused  by  shear  forces.  The  calculated 
dynamic  responses  of  the  beacon  structure  do  not  match  any 
of  the  expected  excitation  frequencies.  In  addition,  the 
laser  beacon  will  be  mounted  on  the  helicopter's  nose  at  a 
45  degree  inclination  angle  to  provide  the  best  possible 
field  of  view. 

Final  testing  of  the  laser  beacon  should  include  accuracy 
and  field  of  view  measurements  with  the  glass  plate  in 
place.  The  beacon  will  undergo  tests  on  a  shaker  table  to 
assess  the  performance  of  the  isolators.  Finally,  the  laser 
beacon  assembly  will  be  utilized  in  both  the  field  tests  and 
the  flight  tests. 


Chapter  III 
DETECTOR  OPTICS 


3.1  INTRODUCTION 

The  optical  detector  comprises  a  light  collection  and 
filtering  optics  apparatus  which  collects  the  incident  light 
from  the  laser  beacon.  Due  to  the  variety  of  flight  posi¬ 
tions  to  be  assumed  by  the  test  aircraft,  the  detector  must 
sense  the  laser  beam  from  a  wide  field  of  view  with  simul¬ 
taneous  strong  discrimination  against  background  light  from 
the  sun  and  other  sources.  Since  it  is  to  be  mounted  on  the 
tail  of  the  YO-3A,  the  detector  needs  to  be  as  lightweight 
and  as  aerodynamic  as  possible. 

3.2  DETECTOR  DESIGN 

The  optical  detector  design  centers  around  three  stages 
of  light  collection.  First,  the  system  collects  the  inci¬ 
dent  laser  beam  over  a  wide  field  of  view.  The  light  is 
then  collimated  and  passed  through  a  narrow  pass-band  opti¬ 
cal  filter  to  eliminate  all  but  the  desired  light.  Finally, 
the  light  is  concentrated  on  a  sensitive  photodiode  circuit. 
The  output  from  the  photodiode  is  amplified,  filtered,  and 
used  to  trigger  a  digital  pulse  for  signal  processing. 
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3.2.1  Spectral  Filtering 

The  second  stage  of  the  optical  system  is  concerned  with 
filtering  out  all  background  light.  This  light  rejection  is 
achieved  by  using  a  narrow  pass-band  filter.  Also  called  an 
interference  filter,  it  passes  a  restricted  range  of  wave¬ 
lengths  centered  about  a  desired  spectral  region.  For  this 
project,  the  filter  is  centered  about  6328  Angstroms,  the 
laser's  wavelength.  All  other  light  is  filtered  out.  For 

example,  a  30  Angstrom  filter  centered  about  the  HeNe  wave¬ 
's 

length  passes  only  10  of  the  solar  spectrum. 

The  narrow  pass-band  filter  is  interferometric  in  nature, 
since  the  transmission  characteristics  depend  on  the  inter¬ 
ference  of  light  reflected  from  within  the  filter.  It  is 
constructed  of  multiple  layers  of  material  with  different 
refractive  indices.  The  thickness  of  each  layer  is  depen¬ 
dent  upon  the  desired  wavelength,  and  the  final  light  trans¬ 
mission  through  the  filter  depends  on  the  interference  of 
light  reflected  from  the  various  layers.  Thus,  high  trans¬ 
mission  in  the  specific  spectral  region  results  while  light, 
in  both  the  short  and  long  wave  regions  on  either  side  of 
the  pass  band,  is  attenuated  [3,4]. 

If  light  is  incident  upon  the  filter  at  angles  other  than 
perpendicular,  the  incoming  light  passes  through  the  fil¬ 
ter’s  layers  at  different  spacing  intervals.  Consequently, 
the  filter  bandpass  changes,  which,  in  turn,  severely  limits 
the  acceptance  cone  angle.  This  cone  angle,  <t>  ,  can  be  ex¬ 
pressed  by  the  equation  [5] 
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4>2  =  2rig(AX/x) 

where  ng  is  the  effective  refractive  index  of  the  interfer¬ 
ence  filter  and  Ax/X  is  the  fractional  bandwidth 

For  example,  a  ten  Angstrom  filter  centered  about  the 
HeNe  wavelength  has  an  acceptance  cone  angle  of  only  five 
degrees . 

Consequently,  the  requirement  for  wide  angle  viewing  with 
simultaneous  spectral  filtering  implies  that  the  light  must 
be  collimated  before  passing  through  the  narrow  pass-band 
filter.  Otherwise,  the  desired  incident  light  will  be  at¬ 
tenuated  by  the  filter. 

3.2.2  Detector  Optics 

In  order  to  maintain  a  field  of  view  approaching  180  de¬ 
grees  while  utilizing  an  interference  filter  for  spectral 
filtering,  an  optical  system  must  collimate  the  laser  light 
to  within  the  filter's  acceptance  angle. 

Perfect,  or  nearly  perfect  collimation,  however,  leads  to 
a  fundamental  restriction  on  the  optics  due  to  the  second 
law  of  thermodynamics.  This  law  states  that  if  light  from  a 
distributed  source  could  be  collimated,  then  it  could  be  fo¬ 
cused  to  a  8 pot  hotter  than  the  original  source.  This  means 
that  light  cannot  be  perfectly  collimated  unless  it  passes 
through  an  infinitely  small  point. 
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Since  entropy  is  conserved  in  an  ideal  system,  the 
following  expression  results  [6]: 


d  sinfl  =  constant 

where  d  is  the  collection  aperture  diameter  and  9  is  the 
field  of  view  cone  half-angle,  or  the  angle  over  which  the 
light  is  to  be  collected 

If  the  interference  filter  acceptance  angle  is  <t>  ,  then 
the  maximum  ratio  of  the  filter  diameter,  D,  to  the  aperture 
diameter,  d,  for  a  collection  angle  of  9  (a  2  9  field  of 
view)  is 


D  _  sing 
d  sin<f> 


This  same  relationship  can  be  applied  when  refocusing  the 
light  onto  a  photodiode  after  it  passes  through  the  filter. 

A  simple  model  for  a  wide  angle  collector  (see  figure  13) 
is  a  reflecting  ball  having  an  aperture  diameter  of  d  in 
combination  with  a  collimating  lens  whose  diameter  is  D 
[7],  Light  falling  within  the  aperture  diameter  is  reflect¬ 
ed  by  the  ball  into  the  lens,  where  it  is  then  collimated. 
Assuming  a  180  degree  field  of  view  (9  is  90  degrees),  the 
light's  angular  divergence  <t>'  from  the  collimating  lens  is 
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where  f  is  the  focal  length  of  the  lens 


Figure  13:  Model  of  a  Wide  Angle  Collector  Consisting  of  a 
Reflecting  Ball  and  a  Collimating  Lens 

The  thermodynamic  limit  for  this  optical  system  occurs 
when  the  focal  length  is  equal  to  D/2.  This  optimum  can  be 
reached  only  with  reflective  optics,  since  the  ideal  collec- 
tion  f  number  is  one-half,  and,  in  practice,  the  lenses  with 
the  shortest  focal  numbers  (except  for  fresnel  lenses)  have 
f  numbers  approaching  only  one.  This  corresponds  to  having 
lenses  with  focal  lengths  equaling  their  respective  dia¬ 
meters.  Consequently,  these  lenses  cannot  approach  the 
thermodynamic  limit.  In  addition,  because  light  collection 
is  proportional  to  the  inverse  of  the  f  number  squared,  as  a 
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result,  the  f  =  D  lenses  collect  only  one-quarter  of  the 
theoretically  available  light  from  the  f  =  D/2  lenses. 
Also,  additional  losses  in  light  collection  occur  due  to  re¬ 
flections  from  the  lens  surfaces. 

3.2.3  CPC  Design 

With  conventional  optics  limited  to  an  f  number  of  one 
due  to  thermodynamic  considerations,  a  more  efficient  col¬ 
lection  system  is  desired.  R.  Winston  and  his  collegues 
have  developed  a  compound  parabolic  concentrator  (CPC).  De¬ 
signed  to  isentropically  focus  light,  this  collector  has 
been  found  to  approximate  closely  the  thermodynamic  limit 
with  an  f  number  approaching  one-half.  It  is  nonimaging  and 
is  of  considerable  interest  for  solar  energy  collection 
[7,8]. 

The  CPC  is  basically  a  parabolic  reflector  with  the  tip 
cut  off  and  the  sides  brought  close  together.  Solar  collec¬ 
tion  is  achieved  by  aiming  the  wide  end  at  the  sun  and  col¬ 
lecting  the  light  at  the  focus.  However,  if  the  CPC  is 
turned  around,  light  from  a  wide  field  of  view  can  be  "col¬ 
limated" — that  is,  light  exits  the  CPC  at  a  cone  angle  which 
is  less  than  the  entrance  cone  angle. 

The  detectors  used  to  collect  the  laser  beam  from  the 
beacon  incorporate  the  compound  parabolic  concentrator  as 
the  basis  for  the  optical  system  (see  figure  14).  Each  de¬ 
tector  consists  of  two  CPC's,  a  narrow  pass-band  filter,  and 
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a  photodiode.  Light  incident  at  wide  angles  passes  through 
the  small  aperture  diameter  of  the  first  CPC  and  is  "colli¬ 
mated".  After  passing  through  the  filter,  the  light  is  re¬ 
focused  by  the  second  CPC  where  a  photodiode,  placed  at  the 
tip  of  the  CPC,  detects  the  laser  beam. 

The  input  end  of  the  detector,  or  the  first  CPC,  is  cut 
in  such  a  manner  that  the  incoming  light  passes  through  an 
entrance  aperture  diameter,  d,  with  up  to  a  90  degree  accep¬ 
tance  angle  0  (corresponding  to  a  180  degree  field  of  view). 
The  CPC's  exit  aperture  angle,  <t>  ,  is  selected  by  the  limit 
of  the  interference  filter.  The  aperture  angle  is  smaller 
than  the  filter's  cone  acceptance  angle,  <t>  ,  so  that  all  the 
laser  light  is  "collimated"  enough  to  pass  through  the  fil¬ 
ter  . 

For  a  180  degree  field  of  view,  the  required  diameter  for 
the  entrance  aperture  can  be  found  by  the  relation 


d  =  D  sin<t> 

where  D  is  the  filter's  diameter 

The  geometrical  definition  (see  figure  15,  which  is  re¬ 
ferenced  from  [8])  for  the  compound  parabolic  concentrator 
is  a  surface  of  revolution  about  the  z-axis  constrained  by 
the  following  expressions  [8] 


CPC  Detector  Design,  Consisting  of  Two  CPCs  and 
an  Interfence  Filter 
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2f  sin(v  -  4>)  _  d 
1  -  cos  2 


2f  cos  ( v  -  <t>) 

1  -  COS~ij 


L  = 


(D  +  d) 
2 


cot  4> 


where 


f  =  |(1  +  sin<t>) 

The  angle  i  is  a  variable  defined  such  that,  at  z  =  0,  it 
is  equal  to  90  degrees  plus  the  exit  divergence  angle,  <I>  . 
As  z  increases,  v  decreases,  and,  when  z  equals  the  desired 
length,  L, 


v 


- 1  (D  +  d) 
tan  7 1 


Figure  15  shows  how  v  is  defined. 


Figure  15:  CPC  Geometry,  With  Light  Entering  Aperture  d 

Over  a  Wide  Field  of  View  and  Exiting  Aperture  D 
as  a  "Collimated"  Beam 

The  above  equations  defining  the  compound  parabolic  con¬ 
centrator's  size  illustrate  the  interdependence  of  the  exit 
aperture  diameter,  the  exit  divergence  angle,  the  entrance 
aperture  diameter,  the  overall  length,  and  the  desired  field 
of  view.  This  relationship,  shown  in  figure  16,  is  an  im¬ 
portant  design  consideration.  As  the  desired  field  of  view 
(a  2  6  angle  )  decreases,  the  required  CPC  length  also  de- 
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creases.  The  CPC  length  increases  as  the  exit  aperture  dia¬ 
meter,  D,  increases.  In  addition,  the  CPC  length  decreases 
with  an  increasing  exit  divergence  angle,  <t>  ,  and  there  is  a 
dramatic  rise  in  the  length  of  the  CPC  if  4“  is  desired  to  be 
less  than  ten  degrees. 

Of  course,  increasing  the  exit  divergence  angle  affects  both 
the  exit  and  the  entrance  aperture  diameters  in  one  of  three 
ways.  Increasing  <t>  increases  the  entrance  aperture  dia¬ 
meter,  d,  with  the  exit  aperture  diameter,  D,  held  constant. 
Conversely,  if  the  entrance  aperture  diameter  is  not  allowed 
to  change,  the  exit  aperture  diameter  decreases  with  an  in¬ 
creasing  <t>  .  Finally,  the  exit  aperture  diameter  decreases 
while  the  entrance  aperture  diameter  increases  in  a  ratio 
corresponding  to  the  sine  of  the  exit  divergence  angle. 

These  interrelationships  must  be  considered  when  design¬ 
ing  a  CPC  detector  for  a  specific  use.  If  size  is  a  criti¬ 
cal  factor,  tradeoffs  exist  between  the  CPC  length  and  both 
the  field  of  view  and  the  exit  divergence  angle.  For  exam¬ 
ple,  if  it  is  desired  that  the  CPC  be  as  small  as  possible, 
a  penalty  in  the  exit  divergence  angle  is  incurred  (but  with 
small  variations  in  the  desired  field  of  view) .  Increasing 
the  angle  ♦  not  only  affects  the  two  aperture  diameters, 
but  it  also  decreases  the  effectiveness  of  the  spectral  fil¬ 
tering.  For  this  research  project,  the  CPC  was  designed  to 
acquire  a  180  degree  field  of  veiw  with  a  small  exit  diver¬ 
gence  angle  and  a  fixed  exit  aperture  diameter. 


CPC  LENGTH  (mm) 


Figure  16:  CPC  Length  Versus  Exit  Divergence  Angle  for 

Varying  Fields  of  View  and  Varying  Exit  Aperture 
Diameters 
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The  second  CPC  is  constructed  in  an  identical  manner  to 
the  first  one,  thus  insuring  maximum  collection  efficiency. 

Initial  dimensions  were  calculated  for  a  180  degree  field 
of  view  compound  parabolic  concentrator  with  an  exit  diver¬ 
gence  angle,  4>  ,  of  5.3  degrees  and  an  exit  aperture  diameter 
of  20.1  mm  (the  diameter  of  both  the  ten  Angstrom  filter  and 
the  thirty  Angstrom  filter  used  in  the  experiments).  The 
entrance  aperture  diameter  was  required  to  be  1.85  mm,  and 
the  overall  CPC  length  was  118.31  mm.  The  CPC's  actually 
used  had  somewhat  different  dimensions,  as  discussed  below. 

3.3  TESTING  AND  MODIFICATIONS 

The  optical  system  is  designed  to  provide  the  maximum 
collection  efficiency  possible  while  avoiding  losses  due  to 
interactions  brought  about  by  conventional  lensing  systems 
optical  surfaces.  In  order  to  compare  a  lensing  system  with 
the  CPC  detector,  prototypes  of  the  two  were  constructed. 

3.3.1  Lens  System 

The  lens  collector  system  constructed  (see  figure  17)  is 
composed  of  a  wide-angle  (190  degree)  fisheye  lens  placed  at 
the  focus  of  an  f  1  plano-convex  lens.  An  interference  fil¬ 
ter  follows,  as  well  as  a  second  f  1  plano-convex  lens,  with 
a  silicon  photodiode  placed  at  its  focus.  Light  from  wide 
angles  enters  the  fisheye  lens  and  is  collimated  by  the 
first  plano-convex  lens.  The  light  then  passes  through  the 
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filter,  and  the  second  plano-convex  lens  focuses  it  on  the 
detector.  Tests  showed  this  lens  system  to  have  a  field  of 
view  approaching  only  86  degrees  (a  43  degree  incidence  an¬ 
gle)  .  This  small  field  of  view  is  not  acceptable  for  the 
detector  requirements,  since  it  is  desirable  for  the  field 
of  view  to  approach  180  degrees.  Several  problems  with  this 
collector  were  observed  during  testing.  Calculations  for  an 
f  1  lens  system  with  a  3.18  mm  aperture  opening,  a  25.4  mm 
filter  diameter,  and  a  filter  acceptance  angle  of  five  de¬ 
grees  showed  that  the  angular  acceptance  was  only  44.2  de¬ 
grees.  In  addition,  optical  vignetting,  as  well  as  reflec¬ 
tions  from  the  lenses,  degraded  the  collection  efficiency. 
Consequently,  rather  than  attempting  to  optimize  the  lens 
collector  system,  the  focus  on  designing  a  detector  was 
switched  to  the  CPC  detector  system. 


FISHEYE  LENS 


PLANO-CONVEX  LENSES 


Figure  17:  FI  Lens  Collector  System  Consisting  of  Two 

Plano-Convex  Lenses  and  an  Interference  Filter 
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3.3.2  CPC  Detector  System 

Tests  were  also  conducted  with  the  CPC  detector.  In  or¬ 
der  to  quantify  the  detector's  performance  over  a  wide  field 
of  view,  the  photodiode  voltage  output  was  measured  under 
varying  conditions. 

Due  to  the  expense  involved  in  constructing  a  CPC  to  meet 
original  design  specifications,  the  CPC's  used  were  made 
from  a  mandril  previously  designed  and  constructed  by  per¬ 
sonnel  at  the  University  of  Chicago.  Each  compound  parabol¬ 
ic  concentrator  utilized  for  the  experiments  had  an  entrance 
aperture  diameter  of  2.25  mm,  an  exit  aperture  diameter  of 
18.0  mm,  and  a  length  of  80.36  mm.  The  exit  divergence  an¬ 
gle  for  each  detector  was  7.18  degrees.  The  assembled  CPC 
detector  weighed  less  than  one  kilogram,  had  a  maximum  dia¬ 
meter  of  34.93  mm,  and  was  163.90  mm  long. 

The  detector  was  mounted  on  a  rotary  base  such  that  at  a 
zero  incidence  angle  the  entrance  aperture  was  aimed  direct¬ 
ly  at  the  laser  beacon  and  maximum  voltage  was  recorded  by 
the  photodiode.  As  the  base  rotated,  the  detector  efficien¬ 
cy  as  a  function  of  incidence  angle  was  recorded.  The  ef¬ 
fects  of  noise  on  the  detector  efficiency  measurements  were 
minimized  with  the  use  of  a  lock-in  amplifier  system  tuned 
to  the  particular  frequency  of  a  chopping  wheel  placed  in 
front  of  the  laser  beam. 

Initial  tests  conducted  without  any  filters  in  the  detec¬ 
tor  uncovered  a  substantial  blind  spot  at  incidence  angles 
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between  five  and  ten  degrees  (see  figure  18).  The  blind 
spot  occurs  because  in  this  region  of  incidence  angles, 
light  exits  the  second  CPC  at  angles  approaching  90  degrees. 
Consequently,  the  light  encounters  the  silicon  photodiode  at 
grazing  incidences,  and  substantial  reflectivity  from  the 
photodiode  results.  This  difficulty  was  alleviated  by  cut¬ 
ting  a  bit  off  the  tip  of  the  second  CPC  and  opening  the 
exit  aperture  by  approximately  33  percent  to  3.05  mm.  Thus, 
instead  of  a  90  degree  exit  divergence  angle,  the  opening 
reduced  this  angle  to  49  degrees,  and  the  blind  spot  was  ef¬ 
fectively  eliminated. 

Tests  of  both  the  original  and  the  modified  detectors 
showed  a  large  peak  in  the  intensity  at  angles  less  than 
five  degrees  due  to  the  direct  incidence  of  the  laser  beacon 
on  the  photodiode.  At  larger  incidence  angles,  the  inten¬ 
sity  uniformly  decreased  as  the  incidence  angle  increased. 

The  next  set  of  tests  were  conducted  with  a  ten  Angstrom 
narrow  pass-band  filter  inserted  between  the  two  compound 
parabolic  concentrators.  A  blind  spot  was  again  observed 
(see  figure  19)  at  small  incidence  angles  due  to  the  fact 
that  the  maximum  filter  acceptance  angle  (a  five  degree  an¬ 
gle)  is  less  than  the  maximum  angle  of  light  exiting  the 
first  CPC  (a  seven  degree  angle) .  Light  encountering  the 
filter  in  the  region  surrounding  these  critical  angles  was 


attenuated . 


RELATIVE  INTENSITY 
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Figure  18:  Intensity  Versus  Incidence  Angle  Without 


Interference  Filters  for  Both  a  Standard  CPC  and 
a  CPC  With  a  Bit  Cut  Off 
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The  ten  Angstrom  filter  was  replaced  by  a  30  Angstrom 
filter,  and  the  tests  were  repeated  (see  figure  19).  With 
the  larger  bandwidth  filter  the  blind  spot  was  alleviated. 
The  tests  with  both  filters  showed  that  the  intensity  of  the 
collected  light  decreased  as  the  width  of  the  narrow  pass- 
band  filter  decreased.  Due  to  the  constant  noise  threshold, 
the  result  was  a  decreased  field  of  view  for  the  detector. 

Both  filters  discriminated  against  sunlight  when  both  the 
sun  and  the  laser  were  in  the  detector's  central  field  of 
view.  The  detectors  sensed  the  laser  beams,  though  with  a 
decreased  signal  to  noise  ratio,  even  when  the  laser  beacon 
was  near  the  edge  of  the  detector's  field  of  view  and  the 
sun  was  in  the  center  of  the  field  of  view.  Thus,  with  the 
narrow  pass-band  filters,  the  CPC  detector  successfully  ob¬ 
served  the  laser  beacon  in  the  presence  of  background  sun¬ 
light.  Tests  were  conducted  to  quantify  this  observation. 
The  CPC  detector  with  the  30  Angstrom  filter  was  mounted  on 
the  rotary  base  and  a  high  intensity  lamp  was  placed  at  a  45 
degree  angle  relative  to  the  laser  beacon.  The  lamp  modeled 
the  sun  and  was  adjusted  so  that  at  an  incidence  angle  of  45 
degrees,  the  detector  was  facing  the  lamp  directly.  The 
photodiode's  voltage  output  was  recorded  as  the  incidence 
angle  varied  both  with  and  without  the  pseudo  sun.  The  sig¬ 
nal  to  noise  ratio  decreased  in  the  presence  of  the  model 
"sun,"  but  the  output  pulses  were  still  detectable  and  the 
field  of  view  was  not  significantly  reduced.  With  the  lamp 
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Figure  19:  Normalized  Intensity  With  a)  No  Interference 
Filter,  b)  a  10  Angstrom  Filter,  and  c)  a  30 
Angstrom  Filter 
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turned  on,  the  field  of  view  was  determined  to  be  158  de¬ 
grees,  whereas  it  was  170  degrees  without  "sunlight."  Simi¬ 
lar  results  were  obtained  when  the  30  Angstrom  filter  was 
replaced  with  the  ten  Angstrom  filter.  The  field  of  view  in 
the  presence  of  the  sunlight,  however,  was  reduced  to  130 
degrees.  With  no  pseudo  sun  it  was  approximately  140  de¬ 
grees.  The  field  of  view  decreased  with  the  ten  Angstrom 
filter  in  the  detector  because,  as  is  shown  in  figure  19, 
the  ten  Angstrom  filter  passes  less  light  than  the  30  Ang¬ 
strom  filter. 

Field  of  view  measurements  were  also  conducted  in  direct 
sunlight.  The  laser  beacon  was  set  up  approximately  30  me¬ 
ters  from  two  detectors.  The  detectors,  with  the  30  Ang¬ 
strom  filters  placed  inside,  were  positioned  0.9  meters 
apart  on  the  rotary  table,  and  the  time  intervals  between 
each  detector  sensing  the  laser  beam  sweeps  were  recorded  as 
the  table  rotated.  The  maximum  field  of  view  measured  was 
168  degrees,  but  after  a  75  degree  incidence  angle  (  a  150 
degree  field  of  view) ,  noise  crept  into  the  measurements  so 
that  the  detectors  began  missing  pulses.  This  field  of  view 
(150  degrees)  was  found  to  be  less  than  that  measured  during 
the  experiments  with  the  pseudo  sun  (158  degrees)  beacause, 
in  these  experiments,  the  sun  produced  a  higher  intensity 
noise  content  than  the  high  intensity  lamp.  Consequently, 
an  accurate  field  of  view  for  the  CPC  detector  in  direct 
sunlight  is  limited  to  approximately  150  degrees. 


•  . L 
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3.4  SUMMARY 

The  detector  system  to  be  used  for  this  research  project 
is  the  compound  parabolic  concentrator  detector.  Effective¬ 
ly  discriminating  against  background  light  from  the  sun  and 
other  sources,  it  senses,  with  a  field  of  view  approaching 
150  degrees,  beams  emanating  from  the  laser  beacon.  With 
the  30  Angstrom  filter  in  place,  the  overall  length  of  the 
CPC  detector  is  163.90  mm  (excluding  the  photodiode  and 
preamplifier  assembly)  and  the  maximum  diameter  is  34.93  mm. 
Each  detector  weighs  less  than  one  kilogram.  The  small  size 
and  light  weight  of  each  detector  is  advantageous  since  the 
detector  array  will  be  placed  on  the  tail  of  the  Y0-3A. 


Chapter  IV 
DETECTOR  ELECTRONICS 


4.1  INTRODUCTION 

The  electronics  package  passes  the  photodiode  pulse  to 
the  microprocessor  system  for  signal  interpreting.  The  pur¬ 
pose  of  the  package  is  to  process  the  raw  photodiode  signal 
to  compensate  for  background  interference,  especially  low 
frequency  solar  background.  Utilizing  frequency  filtering 
networks  to  pass  the  pulse,  the  electronics  are  designed  for 
low  noise  and  high  gain,  and  are  compatible  with  the  micro¬ 
processor.  Since  the  electronics  package  is  to  be  mounted 
in  the  target  plane — the  Y0-3A — it  must  be  as  compact  as 
possible  and  operate  off  the  aircraft's  28  volt  DC  power 
supply. 


4.2  PACKAGE  DESIGN 

4.2.1  Electronic  Filters 

Essential  to  the  electronics  design  is  the  inclusion  of 
filters  that  eliminate  interference.  The  band-pass  filter 
rejects  the  low  frequencies  of  the  sunlight's  temporal 
spectrum,  yet  passes  most  of  the  laser  beam's  energy.  In 
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addition,  the  filter  rejects  light  reflections  whose  tempo¬ 
ral  characteristics  are  different  from  those  of  the  laser 
beams-  It  rejects  the  high  frequency  white  noise,  shields 
the  electronics  system  from  background  noise,  and  filters 
out  feedback  from  the  high  gain  output . 

The  characteristics  of  the  band-pass  filter  are  deter¬ 
mined  by  calculating  the  expected  pulse  frequency  range. 
Assuming  that  the  beacon  beam  width  is  larger  than  the  de¬ 
tector  entrance  aperture  and  that  the  laser  beam  is  focused 
at  the  range  to  be  considered,  the  pulse  on  time  measured 
between  the  1/e  intensity  points  is 


At 


_  w(R )  At 
R  2r 


where  w(R)  is  the  laser  beacon  width,  R  is  the  range  from 
the  beacon  to  the  detector  array,  and  At  is  is  the  elapsed 
time  between  the  beam  sweeps 

If  the  laser  beam  signal  is  such  that  the  l/e  intensity 
point  occurs  at  At/2,  the  pulse  intensity,  h,  as  a  function 
of  time,  can  be  modeled  as 


h(t)  =  e~2t2/(At/2)2 


Defining  Af  to  be  the  bandwidth  to  the  one-half  power 
point  (the  3  dB  point),  the  Fourier  Transform,  H,  of  the 
pulse  is  then  (by  the  similarity  theorem)  [9] 
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H  (f )  = 


irAt 


2  2  2 

-  (»  At  i  )/8 


where 


Af 


=VL 

irAt 


ln2 


and  f  is  the  pulse  frequency 

Thus,  a  gaussian  time  pulse  with  a  width  At  of  ten  mi¬ 
croseconds  has  a  frequency  distribution  with  a  width  Af 
equal  to  62  KHz  (see  figure  20).  The  electronic  filter  ex¬ 
cludes  the  DC  voltage  and  acts  as  a  band-pass  to  eliminate 
both  the  low  frequency  and  the  high  frequency  noise  [10]. 


2t  /  (At/2) 


SIGNAL  PULSE 
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4.2.2  Threshold  and  Gain  Adjustment 

A  five  volt  digital  pulse  is  the  output  to  be  passed  to 
the  microprocessor  unit  for  signal  processing  and  signal 
computation.  As  shown  in  figure  21,  the  pulse  passes 
through  various  stages  as  it  is  processed  from  the  raw 
photodiode  signal  to  the  final  digital  pulse  form. 


RAW 

PHOTODI ODE 
S I GNAL 


SIGNAL  AFTER  THE  FINAL 

BAND-PASS  FILTER  DIGITAL 

PULSE 


Figure  21:  Stages  of  the  Electronic  Pulse  as  it  is 

Processed  From  a  Raw  Photodiode  Signal  to  the 
Final  Digital  Pulse  Form 


A  threshold  is  needed  to  trigger  this  digital  output  and 
must  be  variable  in  order  to  accommodate  changes  in  the 
background  light  and  signal  strength.  Background  light  de¬ 
pends  upon  the  detector's  position  with  respect  to  the  sun 
and  other  light  sources.  The  signal  strength  is  dependent 


upon  the  relative  position  between  the  laser  beacon  and  the 
detector  and  decreases  with  increasing  range  and  deviations 
off  the  zero  incidence  angle.  The  threshold  level  is  to  be 
set  either  manually  or  by  logic  in  the  microprocessor. 

High  gain  output  from  the  photodiode  is  required  to  in¬ 
sure  accurate  discrimination  between  the  signal  and  back¬ 
ground  noise.  The  field  of  view  is  limited  by  the  amount  of 
gain  available.  However,  the  gain  cannot  be  too  high,  or 
the  amplifier  will  saturate.  In  addition,  the  pulse  from 
each  detector  must  be  nearly  identical  in  order  to  reduce 
inherent  errors  in  the  trigger  time  interval.  An  adjustable 
gain  is  designed  to  pass  the  maximum  signal  possible,  while 
keeping  the  pulse  magnitudes  from  each  of  the  detectors  uni¬ 
form  . 

4.2.3  Electronic  Components 

The  electronics  system  (see  the  schematics  in  figures  22, 
23,  and  24)  incorporates  all  four  detectors  in  the  array  and 
is  installed  on  board  the  Y0-3A.  Threshold  and  gain  adjust¬ 
ments  are  accessible  while  the  system  is  packaged  in  the 
aircraft.  Light  emitting  diodes  for  each  detector  are  trig¬ 
gered  every  time  a  laser  beam  is  sensed,  which  allows  the 
engineer  on  board  the  Y0-3A  to  insure  that  the  electronics 
system  is  functioning  properly.  A  six  pole  high  band-pass 
filter  is  included  to  eliminate  low  frequency  noise  below 
250  Hz  (see  figure  25).  This  feature  is  valuable  in  the 


bench  test  phase  of  the  project  when  undesirable  60  and  120 
Hz  noise  is  introduced  by  lights  and  other  sources.  In  ad¬ 
dition,  low  frequency  noise  elimination  is  especially  desi¬ 
rable  during  the  flight  tests  for  several  reasons.  Not  only 
do  aircraft  generate  noise  primarily  in  the  region  of  low 
frequencies,  but  the  sun  also  has  large  low  frequency  noise 
components.  Finally,  low  frequency  noise  can  be  caused  by 
atmospheric  scintillation,  clouds,  and  other  phenomena. 

Meret  MDA  530-680  silicon  photodiodes  are  utilized  to  de¬ 
tect  the  laser  beams.  With  a  relative  spectral  responstiv- 
ity  suited  to  the  project  requirements,  each  photodiode  in¬ 
cludes  a  built-in  amplifier.  The  amplifier’s  proximity  to 
the  photodide  eliminates  problems  with  signal  attenuation 
and  noise  introduced  by  long  leads  connecting  the  two  elec¬ 
tronic  components.  Moreover,  since  packaging  an  amplifier 
next  to  the  detector  leads  to  size  and  aerodynamic  con¬ 
straints,  the  photodiode  utilized  is  more  efficient.  The 
protective  cover  on  the  photocell  is  removed  to  allow  the 
cell  to  be  as  close  to  the  CPC  exit  aperture  as  possible. 
This  is  important  since  the  light  is  focused  at  the  exit 
aperture,  and  a  tremendous  amount  of  light  is  lost  if  the 
photocell  is  separated  from  the  end  of  the  CPC. 

A  high  gain  first  stage  and  the  associated  preliminary 
electronics  are  packaged  next  to  the  photodiode,  increasing 
the  signal  output  and  eliminating  noise  from  pickup  in  any 
leads.  The  remainder  of  the  electronics  is  packaged  on 
board  the  Y0-3A's  equipment  compartment. 


SIGNAL  PROCESSOR 


POWER 


Figure  24:  Schematic  of  the  Sensor  and  the  Preamplifier 


MAXIMUM  G 


Bode  Plot  of  the  Measured  Response  of  the 
Electronics  System 
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4.3  SUMMARY 

Two  iterations  of  the  electronics  package  were  construct¬ 
ed  as  prototypes  for  the  four-detector  electronics  system. 
The  first  was  designed  for  processing  the  signals  from  a 
single  detector  while  the  second  prototype  accommodated  two 
detectors.  The  refined  electronics  package  incorporates 
modifications  from  the  first  two  prototypes  and  is  built 
specifically  for  installation  in  the  Y0-3A.  Each  photodiode 
and  preamplifier  assembly  is  small  and  lightweight,  which  is 
advantageous  since  they  are  to  be  connected  to  the  CPC  de¬ 
tectors  on  the  tail  of  the  Y0-3A. 

The  filter  rejects  high  frequency  shot  noise  and  low  fre¬ 
quency  noise  below  250  Hz.  Consequently,  the  electronics 
package  passes  the  incident  laser  beam's  energy  while  re¬ 
jecting  most  of  the  background  interference.  The  threshold 
can  be  changed  to  pass  only  the  desired  pulse.  The  adjust¬ 
able  gain  allows  each  pulse  to  be  as  identical  as  possible 
to  reduce  trigger  errors. 


Chapter  V 
DETECTOR  ARRAY 


5.1  INTRODUCTION 

As  stated  previously,  the  objective  of  this  research  pro¬ 
ject  is  to  achieve  both  high  range  accuracy  and  precise 
measurements  of  azimuth  and  elevation  between  the  Y0-3A  and 
the  helicopter.  An  array  of  detectors  is  used  to  yield  the 
required  position  information  in  terms  of  time  intervals  be¬ 
tween  pulses  from  adjacent  detectors.  In  order  to  calculate 
a  two-dimensional  position  measurement  of  the  range  and  azi¬ 
muth  between  the  two  aircraft,  three  detectors  are  required 
to  interpret  pulses  from  a  single  lateral  beacon  sweep. 
However,  for  a  three-dimensional  postion  measurement  involv¬ 
ing  range,  azimuth,  and  elevation,  four  detectors  are  re¬ 
quired.  These  detectors  intercept  both  vertical  and  lateral 
sweeps  of  fan-shaped  laser  beams.  In  order  to  provide  accu¬ 
rate  position  information,  the  array  configuration  is  criti¬ 
cal  . 
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5.2  TWO-DIMENSIONAL  POSITION  CALCULATION 

For  two-dimensional  location  measurements  with  three  de¬ 
tectors,  it  is  convenient  for  the  detectors  to  be  arrayed  in 
a  right  isosceles  triangular  configuration.  If  the  separa¬ 
tion  distance  between  the  detectors  and  the  laser  beacon  is 
large  in  comparison  with  the  detector  separation,  then  it 
can  be  assumed  that  the  focused  laser  beam  is  a  parallel 
line  sweeping  past  the  detectors.  As  the  line  intersects 
each  detector,  an  electronic  pulse  is  produced. 

Refering  to  figure  26,  the  measured  time  intervals  be¬ 
tween  the  detectors  are  r  and  r_  .  With  a  beacon 

AB  BC 

sweep  speed,  v,  being  calculated  with  respect  to  the  dis¬ 
tance  between  the  detectors  and  the  beacon  axis  (R),  the 
speed  is 


v  =  2tR/&t 

where  at  is  the  period  of  rotation 

At  a  given  speed,  v,  the  measured  time  intervals  corre¬ 
spond  to  the  projected  distances  between  the  detectors  (as 
seen  from  the  beacon)  such  that 


dAB  “  V'AB 
dAB  =  V'AB 


-  -  ^ tr 
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Since  the  detectors,  as  configured,  form  equal  legs  of  a 
right  triangle,  the  following  results 

dAB=  dBC 

From  geometrical  considerations,  the  calculated  range,  R, 
is  then 

R  = 

The  azimuth  angle,  t  ,  is  the  angle  from  the  line  con¬ 
necting  the  two  detectors  and  the  beacon  axis,  and  can  be 
found  by  the  relationship 


*=  tan  1(dAB//dBC^  ~  tan  ^TAB^rBC^ 


BEACON 


Figure  26;  Two-Dimensional  Geometry  for  Relative  Position 
Calculations 

5.3  THREE-DIMENSIONAL  POSITION  CALCULATION 

The  calculations  for  the  three-dimensional  location  meas¬ 
urements  are  similar  to  those  made  for  the  two-dimensional 
case.  However,  the  addition  of  another  dimension  requires 
not  only  a  second  laser  beam  orthogonal  to  the  first,  but 
also  a  fourth  detector  in  the  array.  In  the  new  configura¬ 
tion,  all  detectors  are  mutually  perpendicular  to  each  oth¬ 
er,  as  shown  in  figure  27.  Derivation  of  the  following  tri¬ 
gonometric  relations  was  accomplished  by  Professor  Sweet  and 
E.  Y.  Wong,  a  graduate  research  assistant  at  Princeton  Uni¬ 
versity. 


Figure  27:  A  Four  Detector  Array 


If  the  time  intervals  are  clocked  from  a 
the  interval  between  pulses  'i'  and  *  j *  for 
is 


i  3 


j 


common  trigger, 
a  lateral  sweep 


For  a  vertical  sweep  the  time  interval  is 
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For  v  >  v  ,  and  a  beacon  sweep  period  of  At  ,  the  fol- 

BC  BA 

lowing  relationships  result  for  the  range  R,  azimuth  t  ,  and 
elevation  0  (figure  28). 


R 

0 

* 


$ At 
2t 


2 

BC 


BC 


-Sb  *  'k 


=  tan-^r^/r^) 


=  tan’ 


/2  .  /2 
‘'DB  BC 


BC 


- 2“ 

TDB  +  rBC 


where 


If  v  is  less  than  v  ,  v  is  substituted  in  the  above 

BC  BA  BA 

equations  for  v  while  v  '  is  substituted  for  ^  . 

BC  BA  BC 

These  equations  are  invariant  to  changes  in  the  laser  beacon 
orientation  in  the  pitch  and  yaw  directions,  if  it  is  as¬ 
sumed  that  the  detector  array  and  beacon  vertical  axes  have 
a  zero  relative  roll  angle.  The  array  can  change  its  yaw 
and  pitch  orientation  relative  to  the  Y0-3A,  as  long  as 
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these  changes  are  accounted  for  with  respect  to  the  aircraft 
coordinate  system. 

However,  since  the  above  equations  assume  that  the  detec¬ 
tor  array  and  the  laser  beacon  vertical  axes  are  parallel, 
the  equations  no  longer  hold  if  a  relative  roll  angle  exists 
between  the  two  axes.  Consequently,  the  existence  of  a  roll 
angle  implies  that  a  coordinate  transformation  must  be  in¬ 
troduced  in  order  to  change  the  axis  orientation  back  to  one 
with  a  zero  relative  roll  angle. 

As  can  be  seen  in  figure  29,  the  lateral  beacon  sweep  en¬ 
counters  detectors  B  and  D  at  the  same  instant  in  time  when 
the  vertical  axes  are  parallel.  If,  on  the  other  hand,  a 
roll  angle  is  introduced,  the  beam  hits  one  detector  before 
the  other.  The  time  interval  between  detectors  B  and  D  in  a 

lateral  beacon  sweep  is  r  .As  in  the  two-dimensional 

BD 

case,  the  apparent  distance  (as  seen  by  the  laser  beacon) 
between  the  two  detectors  is 

dBD  =  VtBD 


Thus,  the  relative  roll  angle,  <p  ,  between  the  two  verti¬ 
cal  axes  can  be  calculated  . 


sm 


-1 


-Dimensional  Geometry 


An  Euler  angle  coordinate  transformation  [11]  can  be 
performed  so  that  the  three-dimensional  position  equations 


are  again  valid. 
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Figure  29:  Lateral  Beacon  Sweeps  With  and  Without  a  Roll 
Angie 


2 


The  position  determination  equations  actually  utilized 
for  this  research  project  were  developed  by  G.  Russell,  a 
graduate  research  assistant  at  Princeton  University.  Based 
on  the  observation  that  each  laser  beam  sweeps  out  planes  of 
light  across  the  detector  array,  perpendicular  sweep  axes 
are  used  to  yield  position  information  independent  of  the 
laser  beacon  orientation.  Refering  to  figure  30,  the  fol¬ 
lowing  equations  are  obtained. 


x  *b) 


R 


u  + 


V 


u 


-  rarb(1 


<vvb)2) 


where 

n  =  I*a  x  *b| 

u  *  +  rb)/2 


Appendix  A  contains  the  derivation  of  these  equations, 
which,  when  programmed  into  a  microprocessor,  are  faster 
than  transcendental  functions  and  do  not  rely  on  the  beacon 


orientation . 


Figure  30:  Laser  Beam  Plane  Geometry  for  Relative  Position 
Calculations 

5.4  FUNDAMENTALS  OF  THE  ARRAY  DESIGN 

The  three-dimensional  detector  array  will  be  placed  on 
the  tail  of  the  Y0-3A.  It  is  to  be  designed  with  respect  to 
size,  weight,  and  strength  considerations.  Due  to  the 
YO-3A ' s  weight  limitations,  every  pound  placed  on  its  tail 
must  be  countered  with  five  pounds  placed  forward  of  the 
center  of  gravity.  Consequently,  the  array  size  must  be 
minimized.  On  the  other  hand,  however,  the  array  must  be 
large  enough  to  minimize  the  shadowing  of  the  laser  beams  on 
individual  detector  entrance  apertures.  Also,  the  distance 
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between  each  detector  cannot  be  too  small,  or  the  interval 
measurements  will  begin  to  degrade  and  accuracy  will  be 
lost.  In  addition,  the  array  has  to  be  sturdy  enough  to 
hold  each  detector  securely  in  place  while  the  aircraft  is 
in  flight.  Fluctuations  in  the  detectors'  relative  posi¬ 
tions  with  respect  to  one  another  yield  errors  in  the  posi¬ 
tion  calculations.  Consequently,  array  size  optimization 
needs  to  be  examined  thoroughly. 


5.5  TWO-DETECTOR  TESTING 

Because  size  is  such  an  important  factor  in  the  detector 
array  design,  tests  were  conducted  to  determine  the  optimum 
distance  between  individual  detectors. 

For  the  tests,  the  laser  beacon  was  set  up  in  direct  sun¬ 
light  approximately  30  meters  from  two  detectors  (with  30 
Angstrom  filters  placed  inside  the  detectors) .  Initially, 
the  detector  array  was  at  a  zero  incidence  angle  with  re¬ 
spect  to  the  beacon,  and  the  spacing  between  the  two  detec¬ 
tors  was  varied  from  1.2  meters  to  0.15  meter.  The  time  in¬ 
terval  resulting  from  the  laser  beam  sweeping  past  the 
detectors  was  then  recorded  by  a  digital  timer.  Sets  of  25 
time  interval  measurements  were  recorded  for  various  detec¬ 
tor  separation  distances,  and  a  mean,  a  standard  deviation, 
and  a  percent  error  from  the  mean  (standard  deviation  divid¬ 
ed  by  the  mean)  were  calculated  for  each  set  of  data.  Fig¬ 
ure  31  illustrates  the  results  of  this  set  of  tests. 
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SEPARATION  DISTANCE  BETWEEN  TWO 
DETECTORS  (METERS) 


Figure  31:  Plot  of  Time  Interval  Errors  from  the  Mean  as  a 
Function  of  the  Separation  Distance  Between  Two 
Detectors 


As  anticipated,  below  a  separation  distance  of  approxi¬ 
mately  0.5  meters,  the  accuracy  in  the  time  inteval  meas- 
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urements  decreased  dramatically.  This  implies  that  small 
separation  distances  yield  significant  random  errors  due  to 
the  laser  beacon's  synchronous  motor  fluctuations.  In  addi¬ 
tion,  as  the  time  intervals  become  small,  a  tiny  difference 
in  the  threshold  setting — which  corresponds  to  an  error  in 
the  trigger  for  the  digital  pulse — introduces  a  comparative¬ 
ly  large  error  in  the  time  interval  measurement.  Above  a 
separation  distance  of  0.5  meters,  these  errors  decreased  in 
significance,  and  the  accuracy  in  the  time  interval  meas¬ 
urements  increased  to  a  rather  constant  value  (about  0.6 
percent).  Thus,  from  an  accuracy  standpoint,  the  distance 
between  each  detector  should  not  be  less  than  0.5  meters. 

A  second  set  of  tests  was  undertaken  to  determine  if  the 
relative  separation  distance  between  the  two  detectors  af¬ 
fected  the  time  interval  measurement  accuracy  as  the  inci¬ 
dence  angle  between  the  laser  beacon  and  the  perpendicular 
to  the  line  joining  the  detectors  was  varied.  The  detector 
separation  distance  was  chosen  to  be  0.9  meters,  and  the  de¬ 
tectors  were  set  up  on  a  rotary  base.  The  incidence  angle 
was  varied  and  the  time  intervals  were  recorded  for  the 
different  angles. 

Examining  the  results  of  this  experiment,  as  seen  in  fig¬ 
ure  32,  it  appears  that  the  relative  distance  between  the 
detectors  does  not  influence  the  accuracy  of  the  time  inter¬ 
val  measurements.  If  the  results  from  the  previous  experi¬ 
ment  were  to  be  followed,  the  accuracy  should  have  begun  to 


TO* 


77 


degrade  above  a  56  degree  incidence  angle,  since  a  relative 
separation  distance  of  0.5  m  corresponds  to  an  incidence  an¬ 
gle  of  56  degrees  When  the  detectors  are  separated  by  0.9  m. 
However,  this  is  not  the  case,  as  the  accuracy  of  the  time 
interval  measurements  did  not  depend  on  the  relative  dis¬ 
tance  between  the  detectors.  In  reality,  degradation  in  the 
time  interval  accuracy  above  a  75  degree  incidence  angle  was 
instead  due  to  the  detectors  missing  pulses  from  the  laser 
sweeps . 

The  results  also  reveal  a  wide  variance  in  the  accuracy 
of  the  time  interval  measurements  as  the  incidence  angle  is 
changed.  Below  an  incidence  angle  of  75  degrees,  the  error 
from  the  mean  varies  from  0.7  percent  to  about  0.4  percent. 
However,  as  long  as  the  percent  error  remains  below  approxi¬ 
mately  one  percent  of  the  mean,  the  system  is  deemed  to  be 
within  the  accuracy  constraints  for  the  project. 

In  a  related  test,  the  separation  distance  between  the 
two  detectors  was  reduced  to  0.6  meters,  and  the  above  ex¬ 
periment  was  again  performed.  However,  this  time  the  accu¬ 
racy  steadily  decayed  with  increasing  incidence  angle.  Con¬ 
sequently,  it  appears  that,  above  a  detector  separation 
distance  of  approximately  0.6  meters,  as  the  incidence  angle 
varies,  the  relative  distance  between  the  detectors  has  a 
negligible  effect  on  the  accuracy  of  the  time  interval  meas¬ 


urements  . 
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Based  on  the  above  results,  the  separation  distance  be¬ 
tween  individual  detectors  was  chosen  to  be  0.9  meters  for 
the  field  tests.  This  distance  was  deemed  to  be  optimum  due 
to  the  negligible  effect  on  the  time  interval  accuracy  with 
varying  incidence  angles.  At  the  same  time  the  array  size 
was  minimized  without  introducing  potentially  significant 
shadowing  problems. 


5.6  ARRAY  CONSTRUCTION 

The  requirements  for  a  detector  array  to  be  used  in  the 
field  tests  include  the  mounting  of  four  detectors  on  a  sol¬ 
id  base  with  the  capability  of  repositioning  the  individual 
detectors.  Array  weight  and  size  are  not  critical  factors 
since  the  purpose  of  the  initial  field  tests  is  to  determine 
the  operational  status  of  the  laser  beacon  system. 

Consequently,  the  array  built  for  the  flight  tests  con¬ 
sists  of  4  aluminum  tubes,  each  31.75  mm  in  diameter,  ar¬ 
ranged  in  a  tetrahedral  fashion  such  that  the  tubes  are  mu¬ 
tually  perpendicular  to  each  other.  The  array  is  secured  to 
a  solid  base  and  each  detector  is  attached  to  its  respective 
tube  by  a  metal  mount.  The  mounts  are  constructed  so  that 
all  the  detectors  point  in  the  same  direction.  In  addition, 
the  mounts  can  be  repositioned  to  change  the  distance  be¬ 
tween  the  detectors.  The  initial  field  tests  will  be  con¬ 
ducted  with  a  distance  of  0.9  :n  separating  individual  detec¬ 
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For  future  field  tests,  and  prior  to  the  flight  tests, 
the  final  array  will  be  built.  This  array  will  be  con¬ 
structed  of  thin,  lightweight  tubing,  probably  like  the  type 
found  in  competition  bicycle  frames,  and  the  detectors  will 
be  securely  fastened  to  the  ends  of  the  tubes.  The  array 
will  have  the  capability  to  be  attached  to  the  tail  of  the 
YO-3A. 


5.7  SUMMARY 

The  detector  array  to  be  used  in  the  initial  field  tests 
is  constructed  of  aluminum  tubes  arranged  in  a  tetrahedral 
fashion.  The  optical  detectors  attached  to  the  tubes  are 
mutually  perpendicular  to  each  other,  and  they  are  separated 
by  a  distance  of  0.9  m. 

Two  detector  array  testing  indicates  that  above  a  detec¬ 
tor  separation  distance  of  0.6  m,  the  relative  distance  be¬ 
tween  the  detectors  with  a  varying  incidence  angle  has  a 
negligible  effect  on  the  accuracy  of  the  time  interval  meas¬ 
urements.  A  0. 9  m  separation  distance  was  chosen  for  the 
initial  field  tests  in  order  to  minimize  possible  effects  of 
shadowing . 


Chapter  VI 
CONCLUSIONS 

This  thesis  has  presented  a  review  of  the  development,  to 
date,  of  a  laser  beacon  system  which  will  be  used  to  deter¬ 
mine  the  relative  position  between  two  aircraft.  Specifi¬ 
cally,  the  relative  range,  elevation,  and  azimuth  between  an 
observation  aircraft  and  a  test  helicopter  will  be  calculat¬ 
ed  with  a  high  degree  of  accuracy.  The  emphasis  of  this  pa¬ 
per  has  been  placed  on  the  development  of  the  laser  beacon, 
the  detector  optics  and  associated  electronics,  and  the  de¬ 
tector  array. 

The  beacon  system  provides  for  an  apparatus  to  detect  la¬ 
ser  beams  in  the  presence  of  background  solar  interference 
through  spectral  filtering  of  the  incident  light  and  elec¬ 
tronic  filtering  of  the  photodiode  pulses.  The  laser  beacon 
consists  of  two  rotating  fan- shaped  narrow  width  laser  beams 
with  wide  fields  of  view.  The  beams  sweep  past  an  array  of 
four  detectors  which  transmit  pulses  to  the  electronics 
package.  Compound  parabolic  concentrators  are  used  as  the 
optical  detectors  to  achieve  wide-angle  viewing.  Thirty 
Angstrom  filters,  placed  inside  the  detectors,  filter  out 
background  solar  interference.  The  detected  pulses  pass 
through  filters  in  the  electronics  system,  and  are  then  sent 
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as  digital  pulses  to  the  microprocessor  for  signal  process¬ 
ing.  Initial  tests  of  the  system  components  demonstrate  the 
potential  for  their  use  in  aircraft  as  elements  of  a  rela¬ 
tive  position  measurement  system. 
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Appendix  A 

DERIVATION  OF  THE  POSITION  DETERMINATION  EQUATIONS 

The  derivation  of  the  position  determination  equations, 
accomplished  by  G.  Russell  at  Princeton  University,  takes 
advantage  of  the  observation  that  the  laser  beacon  sweeps 
out  planes  of  light  across  the  detector  array. 

Detectors  are  located  at  the  origin,  0,  and  at  equal  dis¬ 
tances  1  along  each  coordinate  axis,  x,  y,  and  z  (figure 
33).  Define  three  time  intervals,  rx  ,  r  ,  and  as  the 

times  between  the  crossing  of  detector  DQ  and  the  crossing 
of  the  respective  detectors  D  ,  D  ,  and  D  by  the  light 

A  J  A 

plane.  The  time  interval  is  negative  in  value  if  that  par¬ 
ticular  axis  detector  is  crossed  before  the  origin  detector. 

The  time  intervals  are  each  proportional  to  the  inner 
product  of  the  respective  coordinate  unit  vectors  with  the 
direction  of  the  travel  vector  defined  by  the  perpendicular 
to  the  light  plane.  Hius,  the  direction  of  the  travel  vec¬ 
tor  may  be  recovered  in  the  coordinate  system  of  the  array 
as 

*  *  T^rxf  4  ry*  + 

Where  T  is  the  normalising  factor  such  that 
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Figure  33:  Detector  Array  Configuration 


T 2  =  r2  +  r J  +  r2 
X  y  Z 


The  magnitude  of  T  is  related  to  the  perpendicular  dis¬ 
tance  to  the  sweep  axis,  r,  by  the  equation 


r  = 

where  <*>  is  the  sweep  rate  (for  a  small  1/r  ratio) 

The  direction  of  the  travel  vector  ^  and  the  distance  to 
the  axis,  r,  are  the  only  information  which  can  be  ascer¬ 
tained  from  a  single  sweep.  This  restricts  the  sweep  axis 
to  lie  tangent  to  a  circle  of  radius,  r,  around  the  origin 
and  in  the  plane  perpendicular  to 


These  parameters  are  obtained  for  each  sweep  axis,  and 
are  being  subscripted  'a'  and  'b'  for  the  respective  axes 


8 


these  planes,  implying  that  the  beacon  lies  somewhere  along 
the  line  of  intersection  of  the  planes.  This  line  is  de¬ 
fined  by 

*  ■  *  V 


with  n  =  J  va  x  vb|  to  normalize  R 

The  distance  from  the  origin  to  the  beacon  is  determined 
in  the  following  manner. 

Consider  the  two  planes  which  are  perpendicular  to  the 
vectors  and  .  These  two  planes  intersect  at  an 

a  b 

oblique  angle,  ^  ,  which  is  defined  by  the  equation 

eos*i  -  -|  V  *bl 

where  1 1  indicates  an  absolute  value 

Define  also  the  angle  of  intersection  of  each  sweep  axis 
with  the  vector  R  on  which  the  beacon  lies.  This  means  that 
the  angle  corresponds  to  the  intersection  of  R  and  the 
axis  *a'  while  the  angle  0^  corresponds  to  the  intersection 
of  R  and  the  axis  ' b' .  Note  that  these  angles  have  the  re¬ 
lationships 
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where  R  is  the  distance  from  the  origin  to  the  beacon 

Since  the  laser  axes  are  mutually  perpendicular,  two 
points,  each  located  one  unit  from  the  beacon  along  their 
respective  axes,  are  separated  ,by  a  distance  ^[2  (see  figure 
35).  The  distance  between  these  two  points  can  be  expressed 
in  terms  of  the  angles  ,  0^  ,  and  by  dividing  the 

distance  into  perpendicular  segments,  as  shown.  Thus, 

s2  =  (a  +  d)2  +  b2  ♦  c2 

Substituting  a^,  0 and  ^  yields 

s2  =  (sin^  +  sinf^  -  -J^Jsina^)2  +  (cosa^  -  cos/^)2 
+  (cos(^1  -  -7p)sina^)2 

Since  sin  a  »  r_/R  and  sin  0  «  rK/R,  the  following  re- 

1  a  ID 

suits : 


Expanding 


Figure  35s  Plane  Distance  Geometry  for  Relative  Distance 
Calculations 

2  =  R^[(^  +  r^COs2^  "  2rarbC0S  V  +  |(r2  ~  ra}  +  (r2  " 

"  2^R4  -  (r l*  r2)R2  +  r2r2  {  ♦  rjsin^j 


a  ’  ‘V 


This  reduces  to 


S2R2  =  2  |r2  -r^cos^  -4/ R4  -  (r2  +  r^)R2  +  r2r^ 


Now,  since  s*  *  2,  the  equation  becomes 


r_r^co8^  =  -4/R4  -  (r?  +  r2)R2  +  r2r2 
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Squaring, 


R4  -  <ra  +  rb)R2  +  (1  “  cos2^l)rarb  =  0 


Simplifiying  this  equation  and  noting  that  the  minus  sign 
in  the  resulting  quadratic  can  be  dropped  since 


ra’rb*R-V*a  +  ^ 


results  in  an  equation  of  the  form 


R2  = 


.  r2r2(1  .  cob2^) 


Let  u  *  (r2  +  r2  )/2,  and  because  cos  4>  *  -  |  v,  •  vK|,  the 
following  results 


R2  =  u  4  ^u2  -  r2r2(l  -  (va.  vb)2) 

These  equations  completely  specify  the  position  vector  R, 
except  for  ambiguity  in  direction,  which  can  be  easily  re¬ 
solved.  The  derivation  has  the  advantage  that  it  results  in 


equations  which  do  not  use  transcendental  functions  and  are 
independent  of  the  laser  beacon  orientation. 


